Predictive value of p16 or Rb inactivation in a model of naturally occurring canine non-Hodgkin's lymphoma
We report here the use of naturally occurring non-Hodgkin's lymphoma (NHL) as a model to investigate heritable risk and predictive factors for response in this disease. Dogs are at risk to develop virtually all subtypes of sporadic NHL seen in humans (no transforming lymphotropic viruses such as Epstein-Barr virus or human T-cell leukemia virus type 1 have been conclusively identified in dogs); these tumors not only have morphological similarities between both species, but they also share a similar natural history and clinical behavior [1] [2] [3] (Table 1) . NHL is the most common life-threatening cancer of dogs, accounting for up to 24% of all malignancies and over 80% of all hematopoietic cancers. 1 Untreated cases, especially those of high-grade type, rarely survive beyond 3 months after diagnosis, but the disease is generally responsive to standard of care using CHOP-based chemotherapy protocols, increasing both the length and quality of affected dogs' lives. 1 With standard of care, remission can be achieved in 485% of canine NHL cases, and median survival ranges between 9 and 12 months. 4, 5 This represents approximately 10% of an average canine lifetime, thus providing a fair target to compare the outcome between dogs and people. Predictive factors for survival in dogs include immunophenotype, clinical substage and histologic subtype. However, as is true for NHL in humans, additional criteria are required to generate more refined schemes that can accurately predict outcomes.
Beyond these similarities, peculiar properties of canine NHL increase its value as a model for the human disease. Specifically, the age-adjusted incidence of NHL (excluding other lymphoid neoplasms) is estimated at 107 per 100 000 dog-years, 6 a rate approximately five times higher than that reported for humans by the SEER program (B22 per 100 000). 7 In addition, the relative risk for this disease in some breeds is up to four times higher than the average for all dogs, 6, 8, 9 suggesting that heritable risk factors for the disease have been firmly established in the derivation of specific breeds.
To further investigate heritable risks, we examined how breed could influence the age of onset for this disease. We previously reported a unimodal association between age and lymphoproliferative disease in dogs, with the mean age among all dogs equal to 9.1 years (s.d. 3.2 years). 8 Here, we compared the age of onset between the single largest breed group in that study (Golden Retriever, N ¼ 229) and all other dogs ('non-Golden Retriever', N ¼ 1033). The results show a 1-year difference, which is highly statistically significant (Po0.001) between the two groups ( Figure 1 ). In addition, the standard deviation of the mean age was smaller for Golden Retrievers than for all other dogs, underscoring that age of onset is more similar within this single high-risk breed than when all dogs are considered together. Other evidence to support the existence of strongly embedded (albeit complex) heritable risk factors for this disease in dogs can be inferred by familial clustering observed in Bull mastiff, Rottweiler and Scottish Terrier lines, 10, 11 and by the fact that breed also can influence response to therapy. 5 The breed predisposition for NHL in dogs extends to specific phenotypes ('B cell' and 'T cell'). 8 The average frequency of B-and T-cell neoplasms for the population as a whole is respectively B60 and 40%. We showed that Spitz breeds and Asian 'lap dogs' belonging to the oldest domestic dog groups developed almost exclusively T-cell tumors, and some European breeds like Cocker Spaniels and Bassett Hounds developed almost exclusively B-cell tumors. Boxers and Golden Retrievers also show more T-cell disease than average, but in these breeds the frequency is more balanced (B50% of each).
8 B-and T-cell neoplasms from Golden Retrievers also have peculiar cytogenetic changes that are seen significantly less frequently or not at all in tumors from other dogs. 8, 12 In contrast to this, more than 85% of NHL diagnosed in humans consist of mature B-cell tumors and fewer than 10% represent T-cell tumors; 13 the incidence rates for NHL are lower in people of Asian descent and there appears to be predominance for T-cell neoplasms in non-white individuals. Even though improved understanding of NHL biology has allowed therapy for this disease to evolve in humans, the genetic structure of humans and the prevalence of NHL subtypes make it difficult, respectively, to define heritable risk and to accrue enough cases to define prognostic and predictive factors for 14 This situation offers unique opportunities to use canine NHL as a robust model to investigate these aspects of the disease.
The value of the spontaneous canine NHL to investigate heritable risk is illustrated above; to show an example of how canine NHL can be used to investigate prognosis and prediction for conditions that occur uncommonly in humans, we examined the predictive value of p16 and retinoblastoma protein (Rb) inactivation in nodal canine NHL using a prospective cohort designed to focus on a high-risk breed that would include approximately equal numbers of B-and T-cell NHL. It is known that these proteins contribute to the regulation of normal lymphocyte proliferation, possibly providing mechanisms that enforce quiescence, 15 but their precise role in the pathogenesis of NHL remains incompletely understood. In human NHL, alterations leading to p16 inactivation (deletion or promoter methylation) are commonly seen in blastoid mantle cell lymphoma; they occur less frequently in association with progression from mucosal associated lymphoid tissue lymphoma or follicular lymphoma to diffuse large B-cell lymphoma (DLBCL), and only sporadically in high-grade tumors. The inappropriate activation of cyclin D1 in mantle cell lymphoma also results in Rb inactivation. The prognosis for human mantle cell lymphoma is generally poor, but the prognostic significance of p16 deletions and Rb inactivation for other NHL subtypes remains uncertain. 16 We designed our sample collection strategy around Golden Retrievers with nodal (stage II-IV) NHL, allowing us to evaluate tumors within a consistent background of heritable risk, and we included samples from other dog breeds to distinguish abnormalities that might be breed-specific from those associated with disease pathogenesis (not breed-specific). We analyzed the frequency of p16 inactivation (deletion or methylation) and its functional consequences, including Rb phosphorylation, in 48 A multi-institution, systematic assessment of the prevalence of different canine NHL subtypes classified according to WHO is currently under way, which, once completed, will allow more precise estimates of frequency for each subtype.
Figure 1
Influence of breed on age of diagnosis for canine NHL. We used a cohort of 1262 dogs with a diagnosis of lymphoproliferative disease 8 to analyze the influence of breed on age at diagnosis. The single most common pure breed group in this cohort was Golden Retrievers ('GR', N ¼ 229). This group was separated from all other dogs ('Other'), and percent of total cases was plotted as a function of age in yearly intervals. The means7s.d. for each group were 8.572.9 for Golden Retrievers and 9.573.5 for all other dogs. The ages of onset for disease are statistically significantly different (Po0.001) between these two populations.
Letters to the Editor cases representing four common types each of nodal T-and B-cell canine NHL. These included high-grade tumors (lymphoblastic T-cell lymphoma, peripheral T-cell lymphoma -not otherwise classified, DLBCL, sporadic Burkitt's lymphoma and anaplastic large B-cell lymphoma) and indolent tumors (T-zone lymphoma, small T-cell lymphoma and marginal zone B-cell lymphoma). Our results showed that inactivation of p16/Rb occurred predominantly in high-grade tumors and was less prevalent in low-grade tumors (Fosmire et al., manuscript submitted). Rb inactivation, evidenced by phosphorylation at sites homologous to Ser249/Thr252 and/or Thr826, was seen in tumors with deletions or methylation of p16, consistent with constitutive activation of CDK4 and/or CDK6. However, this pattern of Rb inactivation was also seen in tumors that retained p16, suggesting that other mechanisms might lead to Rb phosphorylation (for example, overexpression of c-Myc secondary to gain of chromosome 13 12 ). This suggests that Rb phosphorylation may represent a rate-limiting event in malignant transformation or for tumor progression of peripheral lymphocytes in high-grade NHL.
Outcome data were available for 40 dogs that were treated with standard of care. In this group of dogs, overall median survival was 9 months. As shown in Figure 2 , p16 status and Rb phosphorylation were the only variables that showed statistically significant differences in outcome among all tumors; histologic grading was predictive only for T-cell tumors. The median survival for dogs with detectable phosphorylated Rb was 4 months, whereas it was 424 months for dogs with unphosphorylated (or hypophosphorylated) Rb, a timeframe roughly equivalent to 47-10 years for humans with the same disease.
In summary, we show here the potential of naturally occurring canine NHL to explore heritable factors that contribute to NHL and to identify prognostic factors for this disease, especially in subtypes that occur infrequently in people and thus cannot be easily studied in a systematic fashion. Our results showing that Rb phosphorylation at canonical sites for CDK4 can be readily detected using routine immunohistochemical approaches and that it has high predictive value in canine NHL make it reasonable to consider its Letters to the Editor utility as an indicator of prognosis or as a predictor of outcome in human NHL patients.
Peroxisome proliferator-activated receptors (PPARs) are ligandactivated transcription factors that are originally reported to regulate the expression of genes involved in fatty acid uptake and oxidation, lipid metabolism and inflammation. 1 The PPARs consist of three subtypes, PPARa, PPARb/d (PPARb) and PPARg; PPARa is expressed primarily in the liver, brown adipose tissue, kidney, heart and skeletal muscle, PPARg is expressed mainly in white and brown adipose tissue, and PPARb is ubiquitously expressed; PPAR(s) have recently been reported to be involved in tumorigenicity. 2 As for the inflammation, PPARs are considered to be anti-inflammatory, and PPAR agonists induce the downregulation of nuclear factor-kappa B (NF-kB) activity. As the constitutive higher activation of NF-kB is considered to be important for the survival and proliferation in B-cell malignancies, including multiple myeloma (MM), it has been extensively explored as to which compounds can inhibit NF-kB activity in the MM. 3 In this paper, we first examined which subtype of PPAR was expressed in myeloma cells and whether PPAR activation could inhibit the proliferation of myeloma cells in vitro. Primary myeloma cells from newly diagnosed MM patients as well as myeloma cell lines (U266, ILKM2, ILKM3, ILKM8, AMO1, NOP2 and KMS5) predominantly expressed the PPARb gene and also showed the weak expression of PPARg1 (Figure 1a) . We also found the suppressive effect of carbacyclin (PPARb agonist) or troglitazone (PPARg agonist), but not Wy14643 (PPARa agonist) on primary myeloma cells as well as myeloma cell lines, as shown in Figure 1b and c.
Although myeloma cells predominantly expressed PPARb, we evaluated which compounds showed PPARb-stimulating activity in the PPREb-luciferase assay. 4 We screened the PPARbstimulating activity of prostaglandins, hydroxy-eicosatetraenoic acids (HETEs), the hormones of the adrenal cortex, derivatives of cholesterol and flavonoids. Among the compounds we examined, interestingly, the hormones of the adrenal cortex, dehydroepiandrosterone sulfate DHEA-S and hydrocortisone (dexamethasone (Dex)), showed the strong PPARb-stimulating activity (Figure 2a) , and one of the flavonoids from Scutellaria radix, baicalein, 5 also showed strong PPARb-stimulating activity (Figure 2b) . Furthermore, we found the cooperative effect of Dex and baicalein on the PPARb-stimulating activity in the PPREbluciferase assay (Figure 2c ). We examined whether Dex and baicalein showed the cooperative effect on the expression of PPAR response element (PPRE)-mediated target genes, ILK and PPARg1 in myeloma cell lines (U266 and ILKM2) by reverse
